The herpes simplex virus dsDNA genome is distinguished by an unusually high G+C nucleotide content. HSV-1 and HSV-2, for instance, have GC contents of 68% and 70% respectively, while that of the host (human) genome is 41%. To determine how GC content varies with genome location, GC content was measured separately in coding and intergenic regions of HSV-1 DNA. The results showed that the 75 genes constitute a uniform population with a mean GC content of 66.9 ± 4.1%. In contrast, intergenic regions were found in two non-overlapping populations, one with a mean GC content (69.3 ± 4.6% n=32) similar to the coding regions and another where the GC content is lower (56.0 ± 4.9 n=30). Compared to other regions of the genome, intergenic regions with reduced GC content were found to be enriched in local GC minima, CACACA sequences and a primary target sequence (TTAAAA) for retrotransposition events. The results are interpreted to suggest that a high GC content is part of the way HSV-1 protects its genes from invasion by mobile genetic elements active during cell differentiation in the nervous system.
INTRODUCTION
The basic features of the herpes simplex virus (HSV-1) genome are now well known. Each virion contains a single molecule of dsDNA 152 kb in length. A total of 75 genes for known proteins are encoded with 69 of these present in a single copy and three in two copies each [1] [2] [3] . The genome is divided into two segments, L and S, which encode 57 (UL) and 12 (US) single copy genes, respectively. The L and S segments are separated by repeated genes, which are also found at the genome ends (Fig. 1) . As HSV-1 DNA is replicated, the L and S segments invert with respect to each other yielding four genome "isomers" that are found in equal proportions in wild-type HSV-1 populations [4] [5] [6] . Among the genes encoded by HSV-1 are 43 ancestral or core genes present in all -, -and -herpesviruses [3, 7, 8] . All 43 are located in UL and most are conserved genes *Address correspondence to this author at the Department of Microbiology Box 800734, University of Virginia Health System, 1300 Jefferson Park Avenue, Charlottesville, VA 22908, USA; Tel: 01-434 924 1814; Fax: 01-434 982 1071; E-mail: jcb2g@virginia.edu involved in vital virus functions such as entry of the virus into a host cell, DNA replication, capsid assembly, packaging DNA into the capsid and exit of the capsid from the host cell nucleus. The non-core HSV-1 genes include all US genes and highly divergent genes found at the segment ends [9] . Non-core genes encode proteins involved in lineage-or species-specific functions such as transcriptional transactivation, immune evasion and host cell recognition.
A high GC content is one of the most unusual features of the HSV-1 genome. HSV-1 and HSV-2 have GC contents of 68% and 70%, respectively, while the value for the host (human) genome is 41%. In contrast, 54.4 ± 11.5% is the average GC content for the 44 herpesviruses whose genome sequences have been determined (as of March 2007). Only eight herpesviruses, all -herpesviruses, have GC contents of 68% or greater. In an effort to understand the reason for the high GC content, I have focused on HSV-1 and examined the extent to which GC content varies with position in the genome. The GC content was determined in the coding regions and in the regions between genes. The results have identified a group of intergenic regions whose GC content is reduced compared to the coding regions and to the genome as a whole.
MATERIALS AND METHODOLOGY
The HSV-1 DNA sequence (NC_001806) was extracted from public databases and manipulated with programs in GCG (version 11.1.3; Accelrys) run on a Dell PowerEdge 1950 server with dual 3 GHz Xeon cpu's and 10GB of RAM). Composition was used to determine GC contents and FindPatterns+ was used to locate specific sequences. GC content in a sliding 120 bp window was determined with Artemis (Sanger Institute). Local GC minima were identified by visual inspection of the trace with all identified minima at least 10% GC lower than the adjacent background.
Fig. (2).
Histogram showing the GC content of HSV-1 genes (black bars) and intergenic regions (gray bars). Note the presence of a single population of coding region GC contents. Intergenic GC contents are considered to fall into two distinct groups, one coinciding with the population of genomic GC contents and the other with lower GC content. The two groups are identified as genome-like and reduced GC content, respectively. The 32 intergenic regions in the genome-like group have a mean GC content of 69.3% (range 62.1%-81.5%) while in the reduced GC content group the mean is 56.0% (30 regions; range 46.3%-61.7%; indicated by the horizontal gray line). Not represented in this analysis are the regions between the left genome end and RL1, and between the right genome end and RS1. 
RESULTS

GC Content in Coding and Intergenic Regions
Coding and intergenic regions were extracted from the HSV-1 DNA sequence (NC_001806) using the editor function of GCG, and GC contents were determined with Composition. The 75 genes were found to have a mean GC content of 66.9 ± 4.1% with a range of 58.1% (UL1) to 82.9% (RL1; Table 1 ). Gene GC contents constituted a single population centered at the mean value as shown in Fig. 2 (black bars). The GC contents of gene subgroups such as essential and non-essential genes or core and non-core genes were examined and found not to differ significantly from each other or from the genome as a whole ( Table 2 ).
Compared to gene GC contents, intergenic regions were found to have a broader range of values, which extend from 46.3% (UL3-UL4) to 81.5% (UL16-UL17). Intergenic region GC contents were considered to form two nonoverlapping populations as shown in Fig. 2 (gray bars). One coincided approximately with the distribution of gene GC contents while the other spanned a range of lower values. Further analysis was done with the two populations, which are identified as the genome-like GC content group (32 regions) and reduced GC group (30 regions), respectively (Table 1). Intergenic regions in the genome-like group had GC contents in the range of 62.1% (UL43)-81.5% (UL16); the range of the reduced GC group was 46.3% (UL3)-61.7% (US1).
Both genome-like and reduced GC intergenic regions are found throughout the HSV-1 genome ( Table 1) . In each case, however, there are areas of concentration. Reduced GC regions, for instance, occur preferentially at three sites, UL20-UL26, UL35-UL45 and US3-US7 that contain evolutionarily divergent genes (Table 1) [9] . In contrast, genome-like intergenic regions are enriched in two areas, UL16-UL20 and UL27-UL34, where evolutionarily conserved genes are concentrated ( Table 1) . Genome-like intergenic regions are also enriched between genes found near the genome ends and near the inter-segment junction.
The lengths of intergenic sequences vary from zero (i.e. overlapping genes) to several hundred base pairs (excepting very long intergenic regions that occur near the segment ends). Genome-like and reduced GC intergenic regions differ only slightly in average length, the values being 258.7±195.1 and 230±138.8, respectively. Many reduced GC intergene lengths occur in a single population with a mean of approximately 150 bp, while genome-like lengths are more evenly distributed in the range of 0-600 bp (Fig. 3) .
Local GC Minima, CA Repeats and TTAAAA Sites
Inspection of intergenic sequences revealed additional features that distinguish genome-like from reduced GC regions. For instance, measurement of GC content in a sliding window 120 bp in length showed that intergenic regions were often the sites of pronounced local minima in GC content. This feature is illustrated in Fig. 4 , which shows the GC content in two regions of the genome. Local GC minima were found to occur, for instance, between UL42-UL43, UL43-UL44, and US5-US6, but not between US6-US7. The presence of local GC minima is indicated for intergenic regions with genome-like and reduced GC content in Tables 3  and 4 , respectively. Of the 29 intergenic regions with reduced GC content, 19 were found to be sites of local GC minima while only 8 of 29 genome-like intergenic regions have the same feature.
The HSV-1 genome was examined for the frequency of two specific sequence motifs, CA repeats and TTAAAA sites. CA repeats are a common feature of the host (human) genome where they constitute 0.3% of the total sequence [10] . CA repeats occur predominantly as microsatellite DNA, but other functions have also been defined (see below). In the HSV-1 genome the sequence CACACA was taken as an overall measure of the CA repeat frequency. It occurs 79 times, a value in excess of the statistical expectation for a random 68% GC genome (49; see Table 5 ). Compared to the statistical expectation, CACACA sequences are enriched in intergenic regions; 17 are expected on a statistical basis and 24 are found (Table 5) . Further, among the 24 intergenic CACACA sequences, most (16) are found in reduced GC regions (Tables 4 and 5).
TTAAAA sequences were identified because these are prominent target sites for introduction of novel DNA by retrotransposition [11] [12] [13] [14] . Such DNA inserts, including the long interspersed nuclear elements (LINE or L1 sequences) could affect the virus by inactivating it if incorporation was into a required gene. Retrotransposition could also affect the genome by introduction of a novel gene into the HSV-1 genome if incorporation follows reverse transcription of a cellular mRNA [15] [16] [17] [18] .
Analysis demonstrated that the HSV-1 genome contains a total of 28 TTAAAA sequences, a value greater than the number expected on a statistical basis ( Table 5) . Eighteen occur in coding regions and 10 in intergenic segments. Of those in intergenic regions, 6 are found in reduced GC and 4 in genome-like sequences (Tables 3 and 4) . Of the four present in genome-like intergenic regions, all are in intergenic segments (at the ends of UL and in US) that contain evolutionarily divergent genes [9] .
DISCUSSION
Intergenic Regions with Reduced GC Content
The high GC content observed for HSV-1 genes was fully expected in light of the high GC content of the genome as a whole and of the RL, RS, UL and US regions [2] . It was remarkable to notice, however, that coding region GC con- [7] ; Core, Non-core: [3] ; UL, US: GenBank NC_001806. b Applies to the hypothesis that the GC content of the two gene groups is different. Fig. (3) . Histogram showing the lengths of HSV-1 intergenic regions with genome-like GC content (top) and reduced GC content (bottom). Note the population of reduced GC intergenic lengths centered at ~150 bp. Excluded from this analysis are very long intergenic regions between RL1-RL2, RL2 (exon 2)-UL1, UL56-RL2, RS1-US1 and US12-RS1.
tents occur in a single, relatively narrow distribution (Fig. 2) . In view of the diversity of HSV-1 genes, it might have been expected that different populations would be observed corresponding, for instance, to essential compared to nonessential genes, UL compared to US genes, core compared to lineage specific genes or early (beta) compared to late (gamma) genes (see Table 2 ). The existence of a single population indicates that coding region GC content is affected by factors that apply to all genes in a more or less equal way.
The greater diversity of GC contents in intergenic regions contrasts with the narrow distribution in the genes (Fig. 2) . While some intergenic GC contents are similar to the genes and to the genome as a whole, there are others with lower GC contents. These are distributed over a wide range (~46%-~61%) as shown in Table 1 and Fig. 2 . The presence of a reduced GC population of intergenic regions suggests that evolutionary forces constraining other sequences apply differently in this case, and understanding the difference might be revealing about HSV-1 evolution, replication and pathogenesis.
High GC content in genes and the effects of L1 retrotransposition
I suggest the high GC content of genes may be related to the way HSV-1 adapts to retrotransposition events in neurons. HSV-1 enters the host by infecting epithelial cells, but it promptly traffics to neurons in local (trigeminal) ganglia where it establishes a latent infection that most often lasts for the lifetime of the host. The virus can be reactivated from neurons causing recurrent infections that are the hallmark of HSV-1 disease [19] .
Neurons arise during development from progenitor cells that undergo a large-scale proliferation accompanied by generation of extensive cell diversity [20, 21] . Functioning neurons are selected from this highly diverse population that may initially include 10 10 or more cell types. Selection is based on the activity of individual neurons. Those that become incorporated into active networks survive while the others are lost. It is estimated that no more than 15%-40% of post-mitotic neurons survive this experience-based selection process [22] [23] .
Although the mechanisms used for generation of neuronal cell diversity are not thoroughly understood, it is considered that retrotransposition by L1 elements plays a significant role [23] . The human genome contains approximately 10 5 L1 elements (non-LTR retrotransposons) that together account for ~15% of the genome. Active L1 elements are 5 kb-6 kb in length, but most L1s are inactive due to 5' deletions, rearrangements or mutations in the open reading frames. Only 80-100 human L1s are considered to be retrotransposition competent, and of these ~10% are considered to be highly active [11, 16] .
Two genes, an endonuclease and reverse transcriptase are encoded in L1 retrotransposons, and transposition involves reverse transcription of the L1 mRNA. Reverse transcription takes place at specific sites in the host cell genome where primers are created following single-strand cuts introduced by the L1-encoded endonuclease. L1 elements are introduced at these sites, which occur preferentially at TTAAAA and related AT-rich sequences [11] [12] [13] [14] . As a rare event, the L1 reverse transcription machinery can act in trans on cellular mRNAs to introduce genes and processed pseudogenes at L1 retrotransposition sites [17, 18] .
In the developing nervous system, L1 retrotransposition can, in principle, contribute to generation of cell diversity by any process in which insertion of exogenous DNA can affect gene expression. Introduction into an exon, for instance, could block protein expression while similar insertion events could affect promoter function, alternative splicing or other processes. Recent studies have demonstrated that L1 retrotransposition can promote other forms of genetic instability by way of the DNA repair machinery [11] . L1 retrotransposition has been observed experimentally in mice, in HeLa cells and in neural progenitor cells in culture [11, 24] . In the latter case, retrotransposition is found to be enhanced following downregulation of Sox2, a presumptive inhibitor of L1 mobility [24] .
It is suggested that a high GC content is a part of the way HSV-1 protects itself from harmful effects that might result from L1 insertion, particularly insertion into genes. A high GC content is expected to minimize the number of TTAAAA and other AT-rich insertion sites present in genes and therefore to protect the genes from L1 retrotransposition events. Such protection would be particularly beneficial in the case of latently infected cells where the number of HSV-1 genomes is reduced compared to lytic infections [25] . The proposed high rate of L1 retrotransposition in neurons makes a high GC content particularly attractive for viruses such as HSV-1 that replicate and establish latent infections in neurons. It is consistent with this idea to note that of the 44 sequenced herpesviruses, all eight with GC contents of 68% or greater have a tropism for the nervous system. (The eight Fig. (4) . GC content as measured in a sliding 120 bp window shown in representative regions of the HSV-1 genome (between UL42-UL46 and US5-US10). Note the presence of pronounced local minima in GC content in certain intergenic regions such as UL42-UL43 and UL43-UL44, but not in others such as US6-US7. a Intergenic regions with genome-like GC content are those with GC contents in the range of 62.1%-81.5%. b Local GC minima are those identified by visual inspection of the GC content trace as defined in a sliding 120 bp window as shown in Fig. (4) . Fig. (4) . a Statistically expected sequence numbers were calculated based on both strands of the 152,261 bp HSV-1 genome with 68% GC content. A 16%; T 16%; G 34%; C 34%. Calculated values were rounded to the nearest whole number. The proportions of gene and intergene regions in the HSV-1 genome were taken as 79% and 21%, respectively [1, 2] .
are: HSV-1, 68%; HSV-2, 70%; cercopithecine herpesvirus 1, 74%; cercopithecine herpesvirus 2, 70%; cercopithecine herpesvirus 16, 76%; bovine herpesvirus 1 72%; bovine herpesvirus 5, 74%; pseudorabies virus, 73%.) In contrast, varicella-zoster virus (VZV) has a comparatively low GC content (46%) despite the fact that it becomes latent in neurons [26] . The ability of VZV to produce such infections despite a low GC content may be due at least in part to the diversity of ganglia in which latent infections occur. Latent VZV infections are found in ganglia along the entire length of the central neural axis [26] while those of HSV-1 and HSV-2 are concentrated in a more restricted number of ganglia (e.g. the trigeminal in the case of HSV-1).
Retrotransposition and Reduced GC Intergenic Regions
The existence of a population of intergenic regions with reduced GC content may also be related to retrotransposition events in neurons. Among the ways herpesviruses are thought to adapt to environmental change, on an evolutionary time scale, is by incorporating entire genes from the host cell genome. Evidence for such incorporations has been obtained most recently in the case of certain gammaherpesviruses [3, [27] [28] [29] . Because the incorporated genes lack introns, it is presumed that their incorporation occurs by way of a cDNA intermediate and L1 retrotransposition. In the case of HSV-1, the existence of intergenic regions with reduced GC content would be preferred as sites for gene insertion due to the greater probability that they will contain ATrich L1 insertion sequences. Such regions would arise by default if their creation involved simply resisting the evolutionary pressure favoring increased GC content. Evidence for preference of TTAAAA sequences in reduced GC compared to genome-like intergenic regions is described in this study (Tables 3 and 4) . Six TTAAAA sequences are found in 6688 bp of reduced GC intergenic DNA while 4 are found in 19,651 bp of genome-like intergenic sequence.
Experimental Tests
In the future it should be possible to test the idea expressed here that a high GC content is involved in resistance of the HSV-1 genome to invasion by L1 retrotransposons. As noted above, it is now possible to observe L1 transposition in cultured cells with the L1 element derived either from the cell genome or from a transfected plasmid [11, 24, 30] . Similar tests with herpesvirus-infected cells should demonstrate that L1 transposition into the virus genome occurs at a higher rate in low GC compared to high GC viruses. In HSV-1-infected cells, transposition should occur preferentially into reduced GC intergene regions and should avoid genes.
Local GC Minima and CA Repeats
Determination of the HSV-1 GC content in a 120 bp window was carried out as a supplement to measurements of the gene and intergene values. It was expected that intergenic regions might have a reduced GC content because of the measurements described above and also because intergenic regions are often the sites of AT-rich polyadenylation signals (AATAAA). In spite of such expectations, it was nevertheless noteworthy that GC minima were as pronounced and as focused on intergenic regions as the results demonstrated (Fig. 4) . Intergenic regions with pronounced GC minima were found throughout the HSV-1 genome with a preference for reduced GC intergenic sequences as shown in Tables 3  and 4 . Further information about the function of intergenic GC minima might best be pursued by examining the genomes of other viruses for this feature, and appropriate studies are now underway in our laboratory.
CA dinucleotide repeats are an abundant feature of the human genome where they account for ~0.3% of the total sequence [10, 31] . Most occur in microsatellite sequences, but others are involved in functions such as regulation of gene expression [32, 33] , control of alternative mRNA splicing [34, 35] and mRNA stability [36] . Such functions depend on the ability of CA repeats to bind heterogeneous nuclear ribonucleoprotein L (hnRNP L; [33, 36] ). In the HSV-1 genome, one CACACA sequence has been identified within the thymidine kinase coding region (UL23) where it acts by way of hnRNP L binding to enhance mRNA polyadenylation and nuclear export of intronless mRNAs [36] . Others of the 55 coding region CACACA sequences may act in the same or a similar way. CACACA sequences are also found in intergenic DNA. These are located throughout the HSV-1 genome with most (16 of 24) occurring in reduced GC intergenic regions (Tables 3 and 4) . Analysis of deletions in such CACACA sequences suggests itself as a promising way to identify their function.
